The HIV envelope presents a highly malleable structure to the immune system. This characteristic has frustrated efforts to efficiently use antibodies as weapons against HIV infection. On free virions, the HIV envelope is a trimer (composed of two antigens, gp120 and gp41) that presents a variety of broadly neutralizing epitopes. However, the genetic mutability of the HIV genome gives the virus an extensive capacity to escape recognition by all known neutralizing antibodies ([@r1]). The most immutable and indispensable epitopes extant within the envelope trimer arise on a changing array of transition state structures formed during attachment and entry. The process begins when the gp120 component attaches to a CD4 receptor and then to a coreceptor (CCR5 or CXCR4) on target cells ([@r2], [@r3]). CD4 attachment causes conformational rearrangements in the gp120 trimer, resulting in a transition state structure ([@r4]) that presents the coreceptor binding site as well as other CD4-induced (CD4i) epitopes on gp120 ([@r5]). CD4i and related transition state gp120 epitopes are highly conserved across viral variants and comprise signatures for transmitted/founder HIV variants ([@r6]).

In theory, the conserved nature and essential replicative functions of transition state domains offers a venue to guide humoral immunity toward the broadest possible reactivity ([@r1]) against diverse HIV strains. This possibility remains under investigation. Most antibodies against transition state epitopes are poorly neutralizing or nonneutralizing in conventional in vitro assays, which measure chemical inactivation of virions (e.g., receptor blocking or interference in other envelope functions). These findings, along with crystal structures and cryo-EM image of soluble envelope glycoproteins and/or free virions ([@r7][@r8][@r9][@r10][@r11][@r12]--[@r13]), have been taken as evidence that transition state structures emerge only at target cell--HIV contact zones, where they are occluded and nonimmunoreactive ([@r10][@r11][@r12][@r13][@r14][@r15][@r16][@r17]--[@r18]). However, other lines of in vivo and in vitro evidence suggest that attachment-driven, immunoreactive epitope exposure does occur in the envelope structure under various conditions. Certain anti-envelope monoclonal antibodies (mAbs) neutralize HIV via epitopes formed post attachment structures ([@r19]). Furthermore, antibodies recognizing a range of conserved transition state gp120 domains, including CD4i epitopes, mediate Fc receptor (FcR)-dependent humoral effector functions \[e.g., antibody-dependent cellular cytotoxic (ADCC)\] against cell-bound virions ([@r20]) and cells supporting the spread of infection ([@r21]). Such activities have been associated with reduced infection risk in the RV144 clinical trial ([@r22][@r23]--[@r24]), in nonhuman primate tests of HIV vaccine candidates ([@r25], [@r26]), and in natural HIV transmission ([@r27], [@r28]). Confocal microscopy studies demonstrated that CD4i epitope exposure can spread and persist on surface membranes engaged in HIV-driven cell--cell fusion ([@r29]). In accordance, Ig domain-based agents targeting a CD4i epitope were shown to suppress HIV infection in ex vivo cultures ([@r30], [@r31]). A better understanding of epitope exposure on individual virions attached to host cells would contribute greatly to understanding whether and how humoral responses recognize transition state domains.

This information may be derived from direct visualization of cell-bound particles at the single-molecule level.

In this context, it is important to consider that the epitope exposures most relevant to anti-HIV immunity occur on mature, replication-competent virions. It has been repeatedly shown that the overall structure and function of the HIV trimer is determined by integrated structural networks and connections formed by the gp41 C terminus and the mature viral matrix protein, p17 ([@r32][@r33][@r34][@r35][@r36][@r37][@r38][@r39]--[@r40]). gp41--matrix interactions may involve direct protein--protein binding ([@r37], [@r41], [@r42]) and/or other steric relationships within the viral membrane ([@r37]). Consequently, the distribution of trimeric envelope spikes ([@r40]) and the presentation of their epitopes ([@r36]) differ significantly on mature vs. immature virions. Characteristics similar to those of immature virions can be produced by truncations of the gp41 C terminus that disrupt matrix interactions ([@r36], [@r40]).

Recently, we used confocal microscopy to delimit the antigenic characteristics of HIV virions during the course of attachment and entry ([@r43]). These studies showed that target cell binding causes HIV virions to present, for various periods of time, an array of immunoreactive transition state gp120 epitopes that are otherwise hidden on free virions. Importantly, epitope exposure patterns were influenced by hallmarks of active replication including coreceptor expression and membrane fusion capacity. Here, we employ 3D superresolution imaging to examine the exposure of transition state epitopes on single, cell-bound viral particles under conditions that allow or restrict maturation and/or natural gp41--matrix interactions. We show that the attachment process triggers the exposure of immunoreactive CD4i epitopes across a virion surface, extending away from primary CD4 contact zones. We further show that this process relies on maturation-dependent structural aspects of the virion.

Results {#s1}
=======

Imaging gp120 Epitope Exposure on Cell-Bound HIV Virions. {#s2}
---------------------------------------------------------

Previously ([@r43]), we developed a system for high-resolution imaging of the HIV attachment process based on fluorescence-labeled, entry-competent HIV~JRFL~ pseudovirions \[representing a CCR5-tropic, neutralization-resistant "tier 2" strain ([@r44])\] and TZM-bl target cells. Briefly, cell--virus mixtures are cocultured and fixed at specified time points; cell-bound virions are detected via their fluorescence signals; and epitope exposure is interrogated with directly conjugated anti-gp120 mAbs ([*Methods*](#s7){ref-type="sec"}). This system revealed that host cell attachment causes CD4i epitope immunoreactivity on bound virions. Such epitope exposures were not associated with shed gp120 or other aberrant forms of antigen but were linked to parameters that mark active virus--cell fusion and entry processes.

Given this framework, we refined and adapted the imaging approach toward 3D direct stochastic optical reconstruction microscopy (dSTORM) superresolution imaging of cell-bound HIV particles. A 30-min virus--cell interaction time was selected before fixation to provide robust gp120 epitope signals ([@r43]). Virion contents were marked by Alexa 360-conjugated CLIP--Vpr; virion membranes marked by Alexa 546-conjugated SNAP--ICAM-1 (incorporated during budding); proximal cell surface CD4 marked by Alexa 647-conjugated anti-CD4 mAb OKT4; and gp120 epitopes marked by Alexa 488-conjugated test mAbs.

Potential regions of interest (ROIs) containing putative bound virions were first identified using total internal reflection fluorescence (TIRF) signals from CLIP--Vpr. Such ROIs were then surveyed for Gaussian dSTORM signals (described in [*Methods*](#s7){ref-type="sec"}). ROIs were selected for advanced analyses only in cases where Alexa 546-conjugated SNAP--ICAM-1 and Alexa 360-conjugated CLIP--Vpr signals were coincident within a 200-nm-diameter boundary, which in turn was located proximal (see below) to a cell surface CD4 signal (indicated by Alexa 647-conjugated mAb OKT4). Selected ROIs were surveyed for gp120 epitope exposures using Alexa 488-conjugated test mAbs.

Example images showing two ROIs selected in this manner are shown in [Fig. 1*A*](#fig01){ref-type="fig"}, *Left*. Overlays of Gaussian fluorescence images are shown in [Fig. 1*A*](#fig01){ref-type="fig"}, *Right*, where cell surface CD4 is stained red and SNAP--ICAM-1, blue. Gp120 is stained green with the anti-CD4i mAb A32, which was previously shown to be reactive with bound virions ([@r43]). Translation of the signals to 3D dSTORM images is shown in [Fig. 1*B*](#fig01){ref-type="fig"}, marked with the corresponding numerical designations.

![Development of 3D dSTORM images representing cell-bound HIV virions. Particles were allowed to interact with TZM-bl cells and imaged as described in [*Methods*](#s7){ref-type="sec"}. (*A*, *Left*) Two representative TIRF images of Vpr signals used to select ROIs (circled). (Scale bar, 5 μm.) (*A*, *Right*) Merged dSTORM Gaussian signals for Alexa Fluor 546-labeled SNAP--ICAM-1 (blue); Alexa Fluor 488-labeled mAb A32 (green); and Alexa Fluor 647-labeled anti-CD4 antibody OKT4 (red) overlapped with TIRF Vpr images. (*B*) Translation of signals from the two ROIs in *A* to 3D dSTORM images. The "Z" arrow is pointing upward away from the target cell. (*C*) The 3D positional coordinates of dSTORM localizations for mAb A32 and SNAP--ICAM-1 in each of the ROIs were utilized to render a spherical virion (shown in gray) using a custom MATLAB code as described in [*Methods*](#s7){ref-type="sec"} and [*Supporting Information*](#d35e507){ref-type="supplementary-material"}. The anti-CD4 mAb, SNAP--ICAM-1, or mAb A32 fluorescence signals were used to fit centroids that mark CD4 (red dots), ICAM-1 (blue dots), and gp120 epitope (green dots) positions, respectively. The dot sizes are arbitrary and are not intended to depict the relative localization precision of each dye. Relative distances in three dimensions are shown in nanometers.](pnas.1705074114fig01){#fig01}

Taking advantage of the 3D SNAP--ICAM-1 and test mAb localization signals ([Fig. 1*B*](#fig01){ref-type="fig"}), we developed a computational algorithm (enabled by a custom MATLAB code; [*SI Methods*](#d35e507){ref-type="supplementary-material"}) that delimits the periphery of a virion sphere, oriented relative to a target cell surface presenting CD4 receptors. [Fig. 1*C*](#fig01){ref-type="fig"} shows representative depictions derived from the algorithm as applied to signals shown in [Fig. 1*B*](#fig01){ref-type="fig"}. The algorithm marks the relative positions of CD4, gp120 epitope, and SNAP--ICAM-1 signals on any given rendering ([Fig. 1*C*](#fig01){ref-type="fig"}, using same color-scoring scheme as in [Fig. 1*B*](#fig01){ref-type="fig"}). Processed in this manner, pooled renderings of wild-type (WT) virion ROIs from all experiments (see below; 455 ROIs total) reflected a mean particle diameter of 180.72 ± 27.95 nm (mean ± SD; [Fig. S1*A*](#d35e507){ref-type="supplementary-material"}: WT). Such measures conform to the selection criteria used here and also agree with previously determined HIV virion sizes ([@r12], [@r13], [@r45]).

The anti-CD4 mAb OKT4 signals were used for establishing the spatial orientations of epitope exposures on the predicted virion sphere. Specifically, CD4 signals positioned within 50 nm of the rendered virion surface were taken as the most likely contact points for receptor-mediated target cell attachment. Multiple images were generated in this manner for all anti-HIV envelope mAbs in the test panel, which included mAb 2G12, a constitutively exposed neutralizing gp120 epitope; and anti-CD4i mAbs A32, C11, and 17b, as well as for mutant viruses (see below).

gp120 Immunoreactivity Patterns on TZM-bl Cell-Bound HIV Virions. {#s3}
-----------------------------------------------------------------

We first compared the immunoreactivity of the anti-gp120 mAbs with cell-bound HIV virions by recording the number of localized events for at least 100 ROIs per epitope/antibody, selected as described in [Fig. 1](#fig01){ref-type="fig"}. There were no significant differences in the mean number of localizations ([@r8][@r9]--[@r10]) between the mAbs regardless of specificity, in accordance with our previous findings ([@r43]) ([Fig. 2*A*](#fig02){ref-type="fig"}). Each mAb binding experiment included comparative negative controls in which Synagis was tested under matched binding conditions. No more than one Synagis localization signal was recorded in Vpr-positive, SNAP--ICAM-1-positive ROIs in any experiment. ROIs with four to eight localized events were most frequently detected with anti-gp120 mAbs ([Fig. 2*B*](#fig02){ref-type="fig"}) regardless of antibody/epitope. Under the conditions used, all antibodies showed similar signal distributions \[Wilcoxon--Mann--Whitney *U* test; *P* \> 0.05; false-discovery rate (FDR) threshold of *q* \< 0.05\] among the ROIs surveyed.

![mAb binding signals in ROIs containing cell-bound virions. HIV particles were allowed to interact with TZM-bl cells as described in [*Methods*](#s7){ref-type="sec"}. (*A*) Scatter plots of localized events from labeled anti-gp120 or control antibodies in superresolution ROIs selected as described in [*Methods*](#s7){ref-type="sec"}. The numbers of ROIs examined for each test condition are shown in parentheses. Black lines indicate the mean and SEs. The *P* values (Wilcoxon--Mann--Whitney *U* test) for these comparisons are indicated at *Top*. (*B*) Histogram plots of the signal data shown in *A*. Each experiment was conducted under identical incubation conditions using the same preparation of labeled virus. Similar results were obtained in experiments using a separate preparation of virus.](pnas.1705074114fig02){#fig02}

gp120 Epitope Exposure Relative to Potential CD4 Contacts. {#s4}
----------------------------------------------------------

Three-dimensional dSTORM imaging and refinements (shown in [Fig. 1](#fig01){ref-type="fig"}) were used to examine epitope distribution patterns relative to potential CD4--virion contact zones. Virions bound to entry-permissive cells experience variable numbers of potential CD4 contacts due to convolutions in the target cell surface. To mark multiple contacts, the calculated density sphere of each particle was divided into geometric octants. Any octant positioned within 50 nm of an anti-CD4 signal was labeled as a potential contact zone \[based on the ∼50-nm axial resolution of N-STORM ([@r46])\]. Examples of three image scenarios where one, two, or three octants are potential CD4 contact zones (marked with a blue "x") are shown in [Fig. 3*A*](#fig03){ref-type="fig"}. The numbers of CD4 contact zones (hereafter called CD4 contact octants) as distributed within the bound virion population are shown in [Fig. S1*B*](#d35e507){ref-type="supplementary-material"}.

![Methods for positioning gp120 epitopes relative to cell surface CD4. The 3D dSTORM images were obtained processed as shown in [Fig. 1](#fig01){ref-type="fig"} and described in [*Methods*](#s7){ref-type="sec"}. (*A*) Example MATLAB-processed images of three HIV--target cell contact scenarios. The mAb OKT4 signals positioned ≤50 nm of the virion spheres are taken as CD4 receptors in potential contact with the virion (marked with blue crosses). Note that, in the renderings, the axis scalings increase from *Top* to *Bottom* to reflect a wider perspective of how multiple CD4 receptors surround the virion. However, in all cases, the virion spheres are of equivalent sizes. (*B*) Schematic depictions of octant color scoring according to proximity with a potential CD4 contact zone (yellow). Octants sharing sides with the CD4 contact octant are green; octants with tips meeting the CD4 contact octant, cyan; octants not engaging the CD4 contact octant, pink. Each color was assigned a number to facilitate statistical comparisons: yellow, 1; green, 2; cyan, 3; pink, 4. Also shown are coloring scenarios where one to four potential CD4 contacts occur, as designated. From *Left* to *Right* are four successive 90° rotation views of the stylized virion sphere. (*C*) Schematic representation of how the angle analysis method is used to position gp120 epitope exposures relative to the nearest CD4 receptor contact. The illustration exemplifies an operation where the SNAP--ICAM-1 and anti-gp120 mAb localization coordinates are used to fit spheres (gray) circumscribing HIV particle volumes, using a custom MATLAB code (as in [Fig. 1](#fig01){ref-type="fig"} and [*Methods*](#s7){ref-type="sec"}). Anti-CD4 (mAb OKT4), SNAP--ICAM-1, or anti-gp120 (test mAb) fluorescence signals are used to fit centroids marking the positions of CD4, SNAP--ICAM-1, or gp120 epitopes, respectively. Two stained gp120 epitopes are marked in the illustration as green and blue dots (Ab1 and Ab2). CD4 positions are shown as red dots. Any CD4 position within a 50-nm-wide orbit (pink halo) of the predicted virion surface is taken as a potential virus--receptor contact. Spherical angles between the calculated positions of each epitope and its nearest putative CD4 contact (red dots with colored borders within the pink halo) are determined, using the center of the virion sphere as the vertex for the corresponding rays ([*Methods*](#s7){ref-type="sec"}). Accordingly, two epitope--CD4 signal angles (α1 and α2 for Ab1 and Ab2, respectively) are derived from the localization data.](pnas.1705074114fig03){#fig03}

The initial method used to localize gp120 epitope exposure was to color score the octants according to their orientations and distances from likely CD4 contact points. The antibody signals detected in each color category could then be quantified and localized to provide a broad landscape of epitope exposure. Color assignments were as follows: an assigned CD4 contact, yellow; an octant sharing sides with the CD4 contact octant, green; within an octant with tips meeting the CD4 contact octant, cyan; within octants not engaging the CD4 contact octant, pink. Instances where three or more octants were designated as potential CD4 contact zones ([Fig. 3*B*](#fig03){ref-type="fig"}, *Bottom*) placed most or all antibody reactivity in the CD4 contact octant or an adjacent octant. In comparison, cases where there were one to two CD4 contact octants ([Fig. 3*B*](#fig03){ref-type="fig"}, *Top*) afforded a better capacity to determine how far from CD4 contact an epitope might be exposed. Accordingly, our analyses comprised not only the entire bound virion population but also the subset of ROIs (roughly 45% of the total bound virions across all experiments; [Fig. S1*B*](#d35e507){ref-type="supplementary-material"}) with one to two CD4 contact octants. At least one-third of the total ROIs surveyed in each antibody-staining experiment ([Fig. 4*A*](#fig04){ref-type="fig"}) reflected one to two CD4 contacts; the majority of them were reactive with the test mAb ([Fig. 4*B*](#fig04){ref-type="fig"}).

![The gp120 epitope localization relative to cell surface CD4 on WT HIV virions. (*A*) Fractions of all surveyed ROIs (totals shown in [Fig. 2*A*](#fig02){ref-type="fig"}) reflecting one or two potential virion contacts with CD4 under each antibody test condition. (*B*) Fraction of the one to two potential CD4 contact ROIs shown in *A* exhibiting reactivity with the indicated test antibody. The anti-gp120 immunoreactive ROIs were used for epitope location analyses shown in the following panels: (*C*) octant color scoring of 2G12, A32, C11, or 17b epitope exposures as described in [Fig. 3*B*](#fig03){ref-type="fig"}. The numbers of ROIs examined are shown in parentheses. The *P* values for pairwise comparisons are shown at *Top* (multiway Fisher test). (*D*) Angles between CD4 contact-test mAb signals (for ROIs shown in *C*) were determined as shown in [Fig. 3*C*](#fig03){ref-type="fig"} ([*Methods*](#s7){ref-type="sec"}). The frequency distributions of calculated angles for each antibody/epitope are shown in histogram plots; *Insets* show the cumulative frequency plots of the same datasets with corresponding color designations. Similar results were obtained in experiments using a separate preparation of virus.](pnas.1705074114fig04){#fig04}

The mAb 2G12 recognizes a constitutively expressed neutralizing epitope and has previously been used as a marker for envelope distribution on HIV virions ([@r40]). On virions attached to poly-[l]{.smallcaps}-lysine--coated coverglass, 2G12 signals were usually detected in one to four octants and most frequently in two octants ([Fig. S1*C*](#d35e507){ref-type="supplementary-material"}, dark red). In comparison, 2G12 epitope exposures were dispersed across more octants within the overall cell-bound virion population (labeled "ALL"; *P* = 1.71e-04; χ^2^ test) ([Fig. S1*C*](#d35e507){ref-type="supplementary-material"}, bright red). Greater dispersal was also observed in the subset of these virions with one to two CD4 contact octants (labeled "1 or 2"; *P* = 0.008; χ^2^ test) ([Fig. S1*C*](#d35e507){ref-type="supplementary-material"}, orange). Alternatively, SNAP--ICAM-1 distribution also differed between free and cell-bound virions. In this case ([Fig. S1*D*](#d35e507){ref-type="supplementary-material"}), the entire population of cell-bound virions exhibited signals skewed toward a narrower range of immunoreactive octants compared with free particles on coverglass \[*P* = 0.008 (vs. all contacts) and *P* = 2.71e-04 (vs. 1 or 2 contacts); χ^2^ test\]. Thus, virion--cell attachment appeared to alter the distributions of both envelope and SNAP--ICAM-1, but not in a coordinated manner.

In ROIs with one to two CD4 contact octants, mAb 2G12 staining occurred in the same (yellow), or adjacent virion octants (green or blue) ([Fig. 4*C*](#fig04){ref-type="fig"}). Staining most frequently occurred in the "green" octants, which represent the greatest overall surface area in the ROI subset. Notably, the distribution of anti-CD4i mAb signals (A32, C11, and 17b) matched those of mAb 2G12, appearing outside the predicted CD4 contact zones. Overall, there were no significant differences between the signal distributions of CD4i mAbs vs. mAb 2G12 (*P* = 0.903, 0.985, and 0.393; multiway Fisher), respectively ([Fig. 4*C*](#fig04){ref-type="fig"}).

In a similar manner, CD4i epitope exposures observed in the entire bound virion population ([Fig. S2*A*](#d35e507){ref-type="supplementary-material"}) frequently occurred in the green octants regardless of epitope. Compared with the subset with one or two CD4 contacts, more ROIs exhibited signals in the CD4 contact ("yellow") octants ([Fig. S2*B*](#d35e507){ref-type="supplementary-material"} vs. [Fig. 4*C*](#fig04){ref-type="fig"}). This difference most likely stems from the inclusion of ROIs with three or more potential CD4 contact octants, where "crowding" of CD4 molecules on the virion surface increases the chances of proximity to an envelope spike presenting a gp120 epitope.

To refine these observations, we applied a complementary method ("angle analysis") to quantify angular relationships between CD4 and gp120 epitope positions on bound virion surfaces ([*Methods*](#s7){ref-type="sec"} and [*Supporting Information*](#d35e507){ref-type="supplementary-material"}). Each epitope exposure within an ROI is traced to the nearest CD4 located ≤50 nm thick from the calculated virion periphery. Rays from the anti-gp120 mAb localization signal and the nearest anti-CD4 mAb (OKT4) signal are then extended to vertices positioned at the centers of virion spheres (shown schematically in [Fig. 3*C*](#fig03){ref-type="fig"}). The angle between rays (designated mAb--CD4 signal angle) then reflect the distance between the two signals along an arc across the spherical surface. It must be noted that octants can contain multiple CD4 and/or gp120 molecular signals. Thus, multiple angles can be extracted from a single ROI.

A comparison of ROI subsets revealed differences in the distribution of mAb 2G12--CD4 signal angles according to whether there were one to two vs. three or more CD4 contact octants ([Fig. S1*E*](#d35e507){ref-type="supplementary-material"}). Both frequency histogram and cumulative frequency plots showed that ROIs with one to two CD4 contact octants had generally larger mAb 2G12--CD4 signal angles compared with ROIs with three or more CD4 contact octants (*P* = 1.36e-05; Wilcoxon--Mann--Whitney *U* test). As noted above, smaller mAb--CD4 signal angles could be expected when CD4 molecular contacts are "crowded" onto the virion surface, reducing the possible distance to an envelope spike.

Cell-bound virions were also recognized by a neutralizing CD4--Ig fusion protein (sCD4--Ig; conjugated to Alexa 488) ([@r47]), targeted to the constitutively expressed receptor binding domain on free gp120 ([Fig. S1*F*](#d35e507){ref-type="supplementary-material"}). Such reactivity most likely involved envelope spikes on the virion oriented away from the immediate cell contact zone. However, sCD4--Ig--CD4 receptor signal angles were significantly skewed (*P* = 5.46e-06; Wilcoxon--Mann--Whitney *U* test) toward larger values (i.e., greater distances from the cell surface) vs. what was measured for mAb 2G12. The sCD4--Ig pattern indicates that the CD4 binding sites of envelope trimers may be distinctly perturbed within areas of the virion closest to cell surface contact, in a manner that impedes reactivity with sCD4--Ig but preserves binding to mAb 2G12.

Application of the angle analysis approach to other gp120 epitopes showed that the histogram and frequency distributions of mAb 17b--CD4 signal angles were not significantly different from those of mAb 2G12 (*P* = 0.556; Wilcoxon--Mann--Whitney *U* test) in the subpopulation with one to two CD4 contact octants ([Fig. 4*D*](#fig04){ref-type="fig"}, which includes the mAb 2G12 binding localizations described above for comparison). The mAb A32--CD4 angles showed a trend toward larger values compared with mAb 2G12--CD4 angles (*P* = 0.038; Wilcoxon--Mann--Whitney *U* test) but did not survive the multiplicity correction ([Table S1](#d35e507){ref-type="supplementary-material"}). In comparison, the mAb C11--CD4 signal angles were significantly larger than what was observed with any other antibody (*P* = 1.10e-07; Wilcoxon--Mann--Whitney *U* test).

The mAb--CD4 signal angles for bound virion populations having three or more CD4 contact octants were significantly skewed toward smaller values ([Table S1](#d35e507){ref-type="supplementary-material"}) compared with the ROI subset with one to two contact octants (mAb 2G12, *P* = 1.36e-05; mAb A32, *P* = 5.28e-07; mAb C11, *P* = 2.20e-07; mAb 17b, *P* = 0.020). This trend was also seen with SNAP--ICAM-1 distribution (*P* = 7.06e-14).

Findings that the entire bound virion population reflected a greater fraction epitope exposures in octants containing potential CD4 contacts (compared with the subset with one to two contacts) is explained by the inclusion of the three or more CD4 contact virions, which contain smaller mAb--CD4 distances.

Envelope--Matrix Interactions Partially Determine CD4i Epitope Exposure. {#s5}
------------------------------------------------------------------------

The processing of HIV gag during maturation results in interactions between matrix proteins and the gp41 C terminus that have significant impact on the disposition of the HIV envelope trimer ([@r32][@r33][@r34]--[@r35]). We generated two variants of the HIV~JRFL~ pseudovirus to explore the impact of maturation on CD4i epitope exposures. The first contained a matrix/capsid processing site mutation (Y132I) that blocks proteolytic processing of the Gag precursor, resulting in the formation of aberrant cores and noninfectious virions ([@r48]). The second contained a mutation (ΔCT) causing truncation of the gp41 C terminus at residue 708, thus preventing gp41 interactions with the matrix ([@r49]). Similar to WT virions, these mutants incorporated SNAP--ICAM-1 and CLIP--Vpr for visualization. The Y132I and ΔCT virions expressed equivalent amounts of gp120:p24 ratio compared with WT ([*SI Methods*](#d35e507){ref-type="supplementary-material"}). The calculated mean diameters ([Fig. S1*A*](#d35e507){ref-type="supplementary-material"}) for mutant virions were slightly smaller than WT HIV particles (173.76 ± 30.47 nm for Y1232I mutants, *P* = 0.011; and 164.17 ± 33.07 nm for ΔCT mutants; *P* = 1.16e-08, Wilcoxon--Mann--Whitney *U* test).

Each mutant virus was fluorescence-labeled and cocultured with target TZM-bl cells for 30 min at 37 °C. The mutations did not appreciably impact the degrees of CD4 engagement vs. WT virions. For example, the fractions of ROIs containing virions with one to two CD4 contact octants did not vary more than twofold among variants or test conditions ([Fig. 5*A*](#fig05){ref-type="fig"}). A comparison of overall bound virion populations revealed that the mutations did not alter the presentation of the 2G12 epitope among ROIs. The numbers of mutant ROIs presenting the 17b epitope was reduced vs. the WT virus population, but only to a minor degree. In comparison, the mutations clearly reduced the numbers of ROIs presenting any A32 or C11 mAb signal vs. WT ([Fig. S3*A*](#d35e507){ref-type="supplementary-material"}). Furthermore, the magnitude of such differences depended on the numbers of CD4 contacts within the ROI. Comparisons of ROI subsets partitioned according to three or more CD4 contact octants ([Fig. S3*B*](#d35e507){ref-type="supplementary-material"}) showed less impact of the mutations in reducing the numbers of ROIs expressing the epitopes. However, similar comparisons of ROIs partitioned based on one to two CD4 contact octants ([Fig. 5*B*](#fig05){ref-type="fig"}) revealed greatly reduced numbers of mutant ROIs with any discernable A32 or C11 mAb signal compared with WT (data from [Fig. 4*B*](#fig04){ref-type="fig"} reshown for comparison). Neither subpopulation reflected significant impact of the mutations on 2G12 epitope exposure. The modest impact of the mutations in reducing ROIs exhibiting mAb 17b binding was not appreciably altered by partitioning according to the amount of CD4 contact.

![Comparison of gp120 epitope exposures on WT and mutant virions bound to target cells. Virions are designated as WT, immature (Y132I), or gp41-truncated (ΔCT) as mentioned in the text. The total numbers of ROIs surveyed for each experiment (i.e., regardless of CD4 contact numbers) were as follows: mAb 2G12: *n* = 108 (WT), *n* = 117 (Y132I), *n* = 125 (ΔCT); mAb A32: *n* = 118 (WT), *n* = 111 (Y132I), *n* = 127 (ΔCT); mAb C11: *n* = 123 (WT), *n* = 130 (Y132I), *n* = 120 (ΔCT); and mAb 17b: *n* = 106 (WT), *n* = 106 (Y132I), *n* = 123 (ΔCT). (*A*) Fractions of the ROIs for each virus type exhibiting one to two CD4 contact octants are shown. WT data are the same as plotted in [Fig. 4*A*](#fig04){ref-type="fig"} and are reproduced here for comparison. (*B*) Fraction of the one to two potential CD4 contact ROIs shown in *A* exhibiting reactivity with the indicated test antibody. The numbers of such ROIs for each experimental condition match the values shown in *C*. (*C*) Scatter plots showing the number of localized events detected in WT or mutant ROIs that exhibited any detectable mAb reactivity. The numbers of such ROIs examined for each condition are shown in parentheses. Green lines indicate the geometric mean (center) and SEs (bars). The *P* values for each pairwise comparison (Wilcoxon--Mann--Whitney *U* test) are indicated on *Top* of panels; *P* values with an asterisk (\*) did not survive the multiplicity correction at *q* \< 0.05 but are significant at *q* \< 0.075.](pnas.1705074114fig05){#fig05}

Given these observations, we examined whether the fractions of mutant ROIs retaining evidence of any CD4i staining signal showed a reduction in the numbers of epitopes exposed. This was determined according to the number of localized fluorescent events emanating from bound cognate mAbs, as previously described ([@r43]). In this case, the numbers of localized events are proportional to the numbers of mAbs in the ROI, which is in turn a measure of epitope presentation.

We first examined the ROI subsets with one to two CD4 contact octants, where the mutations had the greatest effects. As shown in [Fig. 5*C*](#fig05){ref-type="fig"}, the mutations did not appear to significantly alter the numbers of mAb 2G12 or 17b localized events compared with WT particles (derived from the corresponding subset of values shown in [Fig. 2*A*](#fig02){ref-type="fig"}). Within the minor fraction of the Y132I mutant virions exhibiting any evidence of reactivity with mAb A32 ([Fig. 5*B*](#fig05){ref-type="fig"}), the numbers of localized events/ROI ([Fig. 5*C*](#fig05){ref-type="fig"}) were significantly reduced vs. WT (*P* = 0.003; Wilcoxon--Mann--Whitney *U* test). The mAb C11 localization signals on Y132I mutants also trended lower vs. WT virions (*P* = 0.042; Wilcoxon--Mann--Whitney *U* test), although this difference did not survive multiplicity corrections ([Table S1](#d35e507){ref-type="supplementary-material"}). A reciprocal result was observed ([Fig. 5*C*](#fig05){ref-type="fig"}) with the ΔCT mutants. In this case, mAb C11 localization signals were significantly lower vs. WT virions (*P* = 4.04e-06; Wilcoxon--Mann--Whitney *U* test), while mAb A32 localized events only showed a trend (*P* = 0.055, Wilcoxon--Mann--Whitney *U* test). Such differences between WT and mutant virions were not restricted to the ROI subsets with one to two CD4 contact octants. In the overall bound virion populations, mAbs A32 and C11 localized events were significantly lower on both Y132I and ΔCT mutants. The mAbs 2G12 and 17b localized events were similar in ROIs from all virus variants ([Fig. S3*C*](#d35e507){ref-type="supplementary-material"} and [Table S1](#d35e507){ref-type="supplementary-material"}).

The above measures established that maturation-defective/immature HIV particles have an impaired capacity to express CD4i epitopes. Accordingly, we further examined whether the epitopes that can become exposed under these circumstances exhibit a different spatial relationship with CD4 contacts vs. WT virions. This question was first examined by applying the color-scoring method to the ROI subset with one to two CD4 contact octants, which allows a broad array of distances between CD4 and envelope. As shown in [Fig. 6*A*](#fig06){ref-type="fig"}, the positions of 2G12 and 17b epitope exposure relative to CD4 contacts were not significantly different among virus types. However, the A32 and C11 mAb binding signals on Y132I mutant virions tended to be closer to CD4 contacts, falling within (yellow) octants, with greater frequency vs. WT. The difference was particularly prominent for A32, where the increase in contact octant signals on the mutant virus was reciprocal to the decrease in signals in an adjacent octant (*P* = 0.012; multicategory Fisher exact test). To a lesser extent, the ΔCT mutant ROIs also trended toward an increases frequency of A32 and C11 epitope signals in yellow octants with concurrent decreases in green octants.

![Analyses of gp120 epitope localizations on the minor fractions of Y132I and ΔCT mutant viruses exhibiting cognate antibody reactivity. ROIs containing mutant viruses from [Fig. 5*C*](#fig05){ref-type="fig"} and WT viruses from [Fig. 4*A*](#fig04){ref-type="fig"} were analyzed and compared. These datasets represented only the subpopulations of virions with one to two CD4 contact octants. (*A*) Octant color scoring of 2G12, A32, C11, or 17b epitope exposures as described in [Fig. 3*B*](#fig03){ref-type="fig"}. The *P* values for each pairwise comparison (multiway Fisher test) are indicated at *Top*; *P* values with an asterisk (\*) are trending but did not survive multiplicity correction. (*B*) Angles between CD4 contact-test mAb signals were determined as shown in [Fig. 3*C*](#fig03){ref-type="fig"} ([*Methods*](#s7){ref-type="sec"}). The frequency distributions of angles between indicated mAb and nearest CD4 signals are shown in histogram plots for WT (black) HIV particles as well as Y132I (red) and ΔCT mutant (blue) virions. *Insets* show the cumulative frequency plots of the same datasets with corresponding color designations.](pnas.1705074114fig06){#fig06}

In the angle analyses, both frequency histogram and cumulative frequency plots ([Fig. 6*B*](#fig06){ref-type="fig"}) indicated that the mAb 2G12--CD4 signal angles were moderately but significantly skewed toward larger values on ΔCT mutant vs. WT virions (*P* = 0.001; Wilcoxon--Mann--Whitney *U* test), a difference not apparent in the broader color-scoring method ([Fig. 6*A*](#fig06){ref-type="fig"}). A similar trend was seen in the mAb 17b--CD4 signal angles (*P* = 0.021; Wilcoxon--Mann--Whitney *U* test). However, an opposing and more obvious trend ([Fig. 6*B*](#fig06){ref-type="fig"}) occurred with mAb A32--CD4 and mAb C11--CD4 angles. In these cases, and consistent with the color-scoring patterns, mAb C11--CD4 signal angles were significantly skewed toward smaller values on Y132I and ΔCT mutant vs. WT viruses (*P* = 1.303e-05 and 4.783e-09, respectively; Wilcoxon--Mann--Whitney *U* test). Similarly, mAb A32--CD4 signal angles were significantly skewed toward smaller values on Y132I and ΔCT mutant vs. WT viruses (*P* = 9.49e-05 and 6.36e-07, respectively; Wilcoxon--Mann--Whitney *U* test).

These trends were also evident in the entire bound virion populations. The mAbs A32 and C11 signals on both mutant virus types were more frequently found in yellow over green octants compared with WT virions ([Fig. S4*A*](#d35e507){ref-type="supplementary-material"} and [Table S1](#d35e507){ref-type="supplementary-material"}) and thus situated more closely to CD4. Both frequency histogram and cumulative frequency plots of angle analyses applied to the entire bound virion populations ([Fig. S4*B*](#d35e507){ref-type="supplementary-material"} and [Table S1](#d35e507){ref-type="supplementary-material"}), indicated significantly smaller mAb A32--CD4 and mAb C11--CD4 angles on mutant vs. WT virions.

Importantly, the epitope distributions described above were peculiar to gp120 and not generalizable to every virus surface antigen. This was revealed by parallel analyses of SNAP--ICAM-1 signals. The SNAP--ICAM-1 localized events measured across all experiments were not significantly different ([Fig. S5*A*](#d35e507){ref-type="supplementary-material"} and [Table S1](#d35e507){ref-type="supplementary-material"}), indicating an equivalent incorporation of the protein among virus variants. Among all ROIs, there seemed to be less SNAP--ICAM-1 in the yellow CD4 contact octants ([Fig. S5*B*](#d35e507){ref-type="supplementary-material"}) on Y132I mutants compared with the other virions (*P* = 0.006; Wilcoxon--Mann--Whitney *U* test) in the color-scoring method. However, such differences were not apparent in the angle analyses ([Fig. S5*C*](#d35e507){ref-type="supplementary-material"}). In the subset of ROIs with one to two CD4 contact octants, the distribution of SNAP--ICAM-1 localized events was not significantly different across virus types ([Fig. S5 *E* and *F*](#d35e507){ref-type="supplementary-material"}).

Discussion {#s6}
==========

Direct imaging of HIV virions can provide an important context for understanding how cognate immune responses impact viral replication in vitro and in vivo. Accordingly, both confocal and superresolution microscopy methods have been used to study viral envelope proteins during cell--cell and virus--cell HIV spread ([@r29], [@r40], [@r43], [@r50], [@r51]). Here, we used 3D dSTORM superresoluton techniques to elucidate patterns of conserved, transition state gp120 epitope exposures on individual virions after attachment to CD4^+^ target cells.

Depending on conditions, it is theoretically possible that each target antigen visualized by dSTORM can be localized more than once due to the binding of multiple antibodies per target, conjugation of multiple dyes per antibody, and/or the stochastic nature of the fluorescence switching process, which leads to even single dye molecules being localized repeatedly. Furthermore, due to the differences in dye properties, the number of blinking cycles varies across different fluorophores; for example, Alexa 488 undergoes fewer blinking cycles than Alexa 647 and Alexa 546.

Recognizing these caveats, the experimental approach used here was configured to examine separate gp120 epitopes with respect to their expression and spatial disposition on a virion. It did not seek to quantify and compare the absolute numbers of different proteins recognized by different antibodies labeled with different dyes. ICAM-1, Vpr, and CD4 signals were used for selecting ROIs and/or to provide orientation markers. All anti-gp120 antibodies were IgG1, labeled with the same dye in the same manner ([*SI Methods*](#d35e507){ref-type="supplementary-material"}). Viral type was the variable in epitope-based comparisons, each type stained with the same antibody. Importantly, because both overcounting or undercounting problems occur randomly, they would have no tendency to generate a systematic spatial bias in relative distributions of the different labeled proteins. The number of localizations analyzed in our experiments was generally less than the expected number of dye molecules per virion in part due to the stringent criteria for accepting a localization into the analyzed dataset. Thus, counting issues should have little impact on the experimental outcomes and interpretations of this particular study.

A previously unsuspected facet of early HIV replication is revealed by observations that conserved CD4i gp120 epitopes become exposed across the surface of an attached virion. The distribution patterns are similar to what occurs with a constitutively expressed, neutralizing gp120 epitope, 2G12. Two lines of evidence suggest that the CD4i exposure patterns extend to virions engaged in active viral replication. First, they occur most extensively on WT virions compared with those that cannot mature or have truncated gp41 C termini ([Figs. 5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"} and [Figs. S3](#d35e507){ref-type="supplementary-material"} and [S4](#d35e507){ref-type="supplementary-material"}). Second, dynamic CD4i epitope exposure patterns were selectively observed on bound virion populations experiencing coreceptor-dependent, fusion-permissive content loss ([@r43]).

A more unexpected finding is that epitope immunoreactivity was not necessarily adjacent (i.e., within 50 nm) to a CD4 contact. The color-scoring method divided a roughly spherical virion with dimensions up to ∼200 nm in diameter, ∼628-nm circumference, and ∼126 µm^2^ in surface area into octants of equal size ([Fig. 3*B*](#fig03){ref-type="fig"}). According to this geometry, envelope trimers extant in the green and/or "blue" octants are unlikely to be in contact with CD4. Importantly, these trends were evident in the overall bound virion population when considered in aggregate. The mAb--CD4 signal angles for CD4i epitopes frequently exceeded 50° ([Figs. 4*D*](#fig04){ref-type="fig"} and [6*B*](#fig06){ref-type="fig"} and [Fig. S2*C*](#d35e507){ref-type="supplementary-material"}), although angles were generally larger in virion subsets with one to two potential CD4 contact octants, and smaller in virus groups including more numerous CD4 contact zones ([Figs. S1*E*](#d35e507){ref-type="supplementary-material"} and [S2*C*](#d35e507){ref-type="supplementary-material"} vs. [Fig. 4*D*](#fig04){ref-type="fig"}). Such differences were expected as the potential intermolecular distances between envelope and CD4 contact must decrease as either entity is crowded onto the virion surface.

One possible explanation for the above CD4i exposure patterns is suggested by evidence that HIV virions contain allosteric networks, formed by mature envelope--matrix connections ([@r32][@r33][@r34]--[@r35], [@r37], [@r41], [@r42]), which can guide the function and position of envelope trimers on the virion surface ([@r12], [@r40]). Given this framework, it is reasonable to posit that receptor-mediated changes in one envelope spike might transmit allosterically to a second, distal structure in the mature virion. This model predicts that the absence of maturation and/or gp41--matrix connections interrupts the network, dampens the transmission of conformational changes around the virion, reduces overall CD4i epitope exposures, and/or decreases the distances from CD4 contact where such antigenic changes occur (e.g., producing smaller epitope--CD4 signal angles). The altered presentation of A32 and C11 epitopes on Y132I and ΔCT mutants vs. WT viruses followed such predictions ([Figs. 5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"} and [Figs. S3](#d35e507){ref-type="supplementary-material"} and [S4](#d35e507){ref-type="supplementary-material"}). In cases where the putative allosteric network is disrupted, it is further expected that the impact on epitope exposure should be inversely proportional to the number of potential CD4 contacts over the virion surface (i.e., when allosteric changes traverse only short distances). In accordance, the analyses of mutant viruses reflected that whole populations and/or the subsets with three or more CD4 contact octants exposed A32 and C11 epitopes more extensively than subsets with one to two CD4 contact octants (for example, [Fig. S3](#d35e507){ref-type="supplementary-material"} vs. [Fig. 5](#fig05){ref-type="fig"}). A caveat here is that the mutations we made did not abolish epitope exposure throughout the virion population. Thus, other features of the virion structure may be involved in attachment-based modulation of antigenicity. Furthermore, the virion maturation state had only meager impact on exposure of the 17b CD4i epitope. The 17b epitope is located in the coreceptor binding site ([@r52]); the A32 and C11 epitopes are located proximal to gp41 within the envelope trimer ([@r5], [@r19], [@r53], [@r54]). A32 and C11 epitope exposure demands relatively extensive structural alterations in the trimer ([@r29], [@r51], [@r53]), while the coreceptor binding site is amenable to spontaneous exposure, depending on the envelope strain ([@r55]). Thus, various CD4i epitopes may arise on bound virions by overlapping mechanisms of protein perturbation.

A second possibility is that bound virions "rock" and/or "roll" over multiple CD4 contacts at the host cell surface, thus experiencing a variety of abortive envelope--receptor binding events before settling on a final prefusion orientation. Each event could leave behind a "trail" of irreversible CD4i conformational perturbations in gp120. In this case, maturation may be an important determinant for such imprinting. Advanced techniques such as live-cell, 3D superresolution imaging might help address this question. It must be considered whether the CD4i epitope signals emanated from putative "shed" gp120 that somehow rebinds to the virion surface. This possibility seems less unlikely as conjugated polyclonal antibody D7324, which marks the presence of free gp120, fails to produce binding signals with the virions and systems used here ([@r43]).

HIV envelope spikes have been characterized as partially dispersed or tightly clustered on replication-competent virions, depending on the study ([@r12], [@r13], [@r40], [@r56], [@r57]). Two-dimensional superresolution imaging of HIV by stimulated emission depletion (STED) microscopy indicated that gag maturation may distribute envelope spikes into one or two clusters on the free virion surface ([@r40]). Our examination of free virions ([Fig. S1*C*](#d35e507){ref-type="supplementary-material"}) is not necessarily in disagreement with these findings, as we detected envelope trimers mainly within one to four virion octants, most frequently in two adjacent octants (not shown). Sufficiently large patches of envelope spikes could overlap adjacent octants depending on their orientation vs. the virion sectioning. STED imaging also indicated that envelope trimers on attached virions remained clustered toward the cell surface. Cryo-EM ensemble imaging indicated a similar arrangement of surface structures toward cell contacts ([@r12]). However, the virions in these studies appeared to be situated near a single CD4 contact point, which was a rare instance in the ROIs examined here ([Fig. S1*B*](#d35e507){ref-type="supplementary-material"}). In particular, a tightly localized cluster of CD4 might deliver avidity effects that maintains a congregation of envelope spikes. In cases where multiple CD4 contacts occur (the more frequent likelihood on TZM-bl cells), any single receptor molecule may not favor another in terms of attracting surface envelope trimers, thus creating a more dispersed distribution pattern of structurally altered gp120. Another noteworthy difference between a previous report ([@r40]) and the current study is that the former used STED, which produces 2D imaging, whereas the latter used a 3D imaging approach, offering a wider perspective.

Antibodies are equipped to disrupt viral replication by Fab-mediated chemical interference in viral function (i.e., direct neutralization) and/or by Fc binding to an array of FcRs on effector cells, which can abrogate nascent infection by a variety of mechanisms (e.g., ADCC). These two modes of action can be separable because Fc-dependent mechanisms require only that an antibody mark the presence of a virion fast enough to allow recruited effector cells to interrupt the replication process. Our findings for single virions provide insight into how and why CD4i epitopes might unreliably initiate direct neutralizing effects yet succeed in mediating other humoral antiviral effector functions. First, antibodies recognizing CD4i epitope presentation distal to fusogenic contact zones are almost certainly not neutralizing as they have little or no opportunity to directly interfere with active replication mechanisms. Second, immunoreactive CD4i epitopes presented closer to potential CD4 contacts could mark "off-pathway," nonfusogenic attachment structures. The existence of such structures was suggested by previous demonstrations that mAbs against transition state gp41 domains failed to block cell--cell HIV fusion even though the epitopes appeared within intercellular contact zones ([@r51]). Third, certain CD4i epitopes, such as A32 and C11, might arise on fusogenic envelope spikes, but only after the gp41 fusion machinery has been irreversibly triggered to allow content delivery. Structural data for such epitopes indicate that this scenario is possible, if not likely ([@r53]).

Overall, the imaging data indicate that transition state structures and their CD4i epitopes arise on mature, cell-bound virions shortly after attachment. Such epitope exposure patterns clearly have the potential to engage cognate antibodies in a manner capable of recruiting humoral effector cells to achieve an FcR-dependent antiviral effect. In accordance, it has been shown that anti-CD4i epitope antibodies mediate FcR-dependent effector mechanisms against bound virions in vitro ([@r20], [@r58]). From the standpoint of translational efforts, Ig domain-based agents targeting the A32 epitope have already shown promise in suppressing HIV infection ([@r30], [@r31]). Transition state gp120 antigens trials ([@r59], [@r60]) expressing A32 and other conserved CD4i epitopes have been used to generate protective anti-HIV envelope humoral responses in nonhuman primate models of infection ([@r25], [@r26]) and are now being tested in early-phase clinical trials. Direct imaging of transition state structures and epitopes on attached HIV virions should inform the interpretation and expansion of these and related efforts. Additional insights for managing HIV replication with anti-envelope antibody responses should arise from continued efforts to directly interrogate the antigenic nature of HIV during early replication.

Methods {#s7}
=======

See [*Supporting Information*](#d35e507){ref-type="supplementary-material"} for detailed methods.

HIV~JRFL~ pseudoviruses (CCR5-tropic; tier 2 neutralization sensitivity) expressing SNAP--ICAM-1 and CLIP--Vpr were generated as previously described ([@r43]) using HEK 293T cells. WT as well as two mutant variants, one with a matrix/capsid processing site mutation (Y132I), and a second with Env truncated at residue 708 (ΔCT), were generated by cotransfection as described in [*Supporting Information*](#d35e507){ref-type="supplementary-material"}. Pseudoviruses were fluorescently labeled via SNAP--ICAM-1 or CLIP--Vpr with SNAP--Surface Alexa 546 and CLIP--Cell Alexa 360, respectively.

TZM-bl cells expressing CD4 and CCR5 were seeded on glass-bottom dishes overnight, then cocultured with 0.5 mL (700 ng/mL gp120 equivalents) of fluorescently labeled virions along with 5 μg/mL Alexa 647-conjugated anti-CD4 mAb OKT4 for 30 min at 37 °C. Cocultures were then immediately fixed with 4% paraformaldehyde for 10 min at room temperature. Nonspecific interactions were blocked by incubating the dishes with 10% normal goat serum containing 100 μg/mL nonspecific human IgG1 solution for 30 min at room temperature. Epitopes of interest were then probed with Alexa 488-conjugated antibodies 2G12, A32, C11, and 17b, using an incubation period of 30 min at room temperature. Synagis served as a nonspecific negative control used under identical conditions. Dishes were then postfixed in 4% paraformaldehyde for 10 min at room temperature and stored in 1× PBS at 4 °C until imaging.

For image acquisition, PBS storage buffer was replaced with an oxygen-scavenging imaging buffer ([*Supporting Information*](#d35e507){ref-type="supplementary-material"}). These dishes were then placed on a Nikon N-STORM microscope to obtain three-color, 3D dSTORM images. The 647-, 561-, and 488-nm laser lines were used to excite Alexa 647-conjugated OKT4, SNAP--ICAM-1 labeled with SNAP--Surface Alexa 546, and Alexa 488-conjugated mAbs, respectively. The 405 laser was used to locate virus particles on TZM-bl cell surfaces via TIRF imaging of CLIP--Vpr Alexa 360 signals. A cylindrical lens was used for astigmatic 3D-STORM imaging ([@r46]). Single-molecule fitting of the centroid position and the widths in the *x* and *y* direction, as well as the *z* position of molecules, and Gaussian images were rendered using the Nikon NIS-Elements AR software. Drift correction was performed to identify the positions of all three fluorophores, and their localization precision was determined to be 20 nm (Alexa 647) and 30 nm (Alexa 488 and 546) using full width at half-maximum (FWHM), with a 50-nm axial resolution. After high-resolution images were obtained, ROIs were defined around single virions with SNAP--ICAM-1 and Vpr signals colocated within a 200-nm space (density filter: radius, ≤100) proximal (within 50 nm; see below) of an anti-CD4 antibody signal. Snap shots of Gaussian signal images were taken at four 90° views for each ROI.

The localized molecules and their positions were recorded in these ROIs and exported as text files for further analysis with MATLAB software. The 3D SNAP--ICAM-1 and test mAb localizations were used as coordinates to fit a sphere with a diameter less than 200 nm (least-square method, with the radius limited in the 50- to 100-nm range). To do this, a custom code \[MATLAB File Exchange (title: HIV Sphere Fit and Angle Calculation; file ID 57198)\] was developed ([*Supporting Information*](#d35e507){ref-type="supplementary-material"}). Proximal CD4 localizations (via anti-CD4 antibody) were also imported to determine their relative positions to mAb signals.

Spheres generated as described above were used to determine anti-gp120 mAb binding locations relative to cell surface CD4. SNAP--ICAM-1, test mAb, and CD4 (mAb OKT4) localized signals were situated relative to the fitted sphere in each ROI. CD4 localizations within 50 nm of fitted spheres were considered as possible contact points. Two approaches were used to determine mAb positions relative to CD4: (*i*) Octant color scoring: Fitted spheres delineating virions were divided into eight equally sized segments (octants) to position localized antibody signals relative to anti-CD4 antibody signals (see schematic in [Fig. 3*B*](#fig03){ref-type="fig"}). Octants containing fluorescent mAb signals were color scored according to their distance from the nearest potential CD4 contact zone, marked by anti-CD4 OKT4 signals (herein designated a CD4 contact octant): (*a*) CD4 contact octant and antibody signals within the same octant, yellow; (*b*) CD4 contact octant vs. antibody signal octants with sides in contact, green; (*c*) CD4 contact octant vs. antibody signal octants with tips in contact, cyan; (*d*) CD4 contact octant vs. antibody signal octants with no contacts, pink. Categorical comparisons of these color-coding schemes for different experimental conditions were performed using multicategory Fisher exact tests (see below for description). (*ii*) Angle analysis: The MATLAB code described above includes a function to extract spherical angles between every test mAb fluorescence signal vs. its nearest anti-CD4 OKT4 signal, illustrated as shown in [Fig. 3*C*](#fig03){ref-type="fig"}. As noted above, anti-CD4 (mAb OKT4), SNAP--ICAM-1, or anti-gp120 (test mAb) fluorescence signals were used to fit centroids (NIS Elements N-STORM software) marking the positions of CD4, SNAP--ICAM-1, or gp120 epitopes, respectively. Only CD4 molecular signals located ≤50 nm from the calculated virion surface were taken as potential virus--receptor contacts and used to generate measures. Using the MATLAB code, spherical angles between the calculated positions of each epitope and its nearest putative CD4 contact were determined using the center of the virion "sphere" as the vertex for the corresponding rays. Note that this method accommodates the fact that an octant designated as a contact octant can comprise multiple CD4 positions that are ≤50 nm from the virion surface and that an ROI may harbor multiple epitope exposure sites. Thus, the total measures for angle analyses are greater than the number of ROIs examined for any given epitope.

As a comparative control, octant color-scoring and angle analyses were similarly carried out with SNAP--ICAM-1 localizations instead of test mAbs. Statistical differences in antibody distributions between the various experimental conditions were evaluated using Wilcoxon--Mann--Whitney *U* tests (see [*Supporting Information*](#d35e507){ref-type="supplementary-material"} for statistical analyses).
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